Abstract. The major aim of this work is a sensitivity analysis related to the influence of the different nuclear data libraries on the k-infinity values and on the void coefficient estimations performed for various CANDU fuel projects, and on the simulations related to the replacement of the original stainless steel adjuster rods by cobalt assemblies in the CANDU reactor core. The computations are performed using the Monte Carlo transport codes MCNP5 and MONTEBURNS 1.0 for the actual, detailed geometry and material composition of the fuel bundles and reactivity devices. Some comparisons with deterministic and probabilistic codes involving the WIMS library are also presented.
INTRODUCTION
This paper is focused on the analysis of the differences in the results obtained using Monte Carlo codes (MCNP5 [1] and MONTEBURNS 1.0 [2] ) and probabilistic (CP_2D [3] ) and deterministic codes, differences that could arise from the utilization of various neutron cross-section libraries. This analysis is performed on the estimations of some local parameters for different CANDU fuel projects and on the computations related to the cobalt assembly irradiations in the CANDU 6 reactor core.
The quantities of interest are the k-infinity and the void reactivity values, which are computed for a CANDU SEU-43 (Slightly Enriched Uranium) fuel bundle and for a CANDU Standard cell. The computations are performed for fresh fuel as well as for various burnup points.
In the simulations concerning the irradiation of cobalt adjuster rods, the problem of 60 Co and 60m Co isotopes is analyzed. They are of interest for shielding design and for dose evaluation. The steps performed in order to supply the lack of their neutron cross sections from Monte Carlo code libraries are presented in the paper.
CODES, LIBRARIES AND COMPUTATIONAL STEPS
The analysis of the k-infinity and of the void reactivity values for both types of fuel implies the code mentioned above and their associated neutron data libraries. In the computations performed for CANDU SEU (43 fuel pins consisting in two fueltype element sizes with an enrichment in U 235 of 0.96%), a two-stratified model of a loss-of-coolant (LOC) accident is considered (the bundles are horizontally placed and a separation of the coolant into a liquid and a vapour phase could occur). The fuel pins are made from UO 2 and a fuel gap and a Zircaloy cladding surround each rod. The other components of the cell are the same as those for a standard cell (a pressure tube filled with heavy water, a helium filled gap, and the Calandria tube surrounded by a heavy water moderator). For standard CANDU fuel, a homogenized model of the LOC is analyzed (decreasing values of the coolant densities). For both types of fuels, the reference state is the normal coolant operating state. The others are partial or total loss-of-coolant accident states.
Additional steps are necessary for burnup computations; this refers to the implementation of new neutron cross sections for some fission-product isotopes that are missing from Monte Carlo code libraries and that are involved in the burnup chains. This was performed using the NJOY99 code and the ENDF/B VI library. An analysis of the results obtained using Monte Carlo, probabilistic and deterministic codes, and various cross-section library releases is presented. CP_2D is a two-dimensional transport, first-flight collision probability code for detailed fuel assembly hyperfine flux distribution calculation; it was developed at INR Pitesti and was released in 2001.
In reference to Co 59 irradiation in the CANDU reactor core, the absence of the neutron cross sections for Co 60 and Co 60m from MCNP and MONTEBURNS code libraries imposed some supplemental computational steps in order to accommodate the codes for burnup calculations when the flux spectrum is different from that in the fuel region. As a result, ORIGEN2.1 [4] was also used as a stand-alone code; its one-group neutron cross sections for the cobalt isotopes were replaced with new ones computed on the basis of the flux spectrum in the moderator (in the irradiation location).
Analysis of CANDU -SEU43 and CANDU Standard Results
The analysis performed is focused on the evaluations of the k-infinity and absolute void reactivity values defined as:
where ref k is the k-infinity for the reference state and v k is the k-infinity for the specified void fractions (0, 25, 50, 75, and 100%). All computations involving the Monte Carlo code, the actual 3D geometries of the systems, are simulated. The external surfaces of the cell were considered as being reflective in order to estimate the k-infinity eigenvalues, and a Watt spectrum is used as a starting source of neutrons with a uniform volume distribution in all the fuel rods. The results obtained for SEU43 fresh fuel using MCNP5, MONTEBURNS 1.0, and CP_2D codes and their corresponding data libraries show the same behavior of the void reactivity with the void fraction; the difference (which is nearly constant) is up to 7%, and it is due to the distinct mathematical models (Monte Carlo and probabilistic) and libraries (MCNP and WIMSD5B). Even the tests performed using only the The MCNP5 runs using different cross sections for Zr as well as various combinations of U 235 with light isotopes carry out a spread of the k-infinity values from 1.21648 up to 1.22138 (for fresh fuel).
Burnup calculations for SEU43 fuel bundle are performed using MONTEBURNS 1.0 (involving MCNP4C and ORIGEN2.1 libraries) and CP_2D (involving the WIMSD5B library) codes. Because of the lack of many fission-product neutron cross sections from the MCNP library, it was necessary to generate them from the ENDF/B VI library using the NJOY99 code; they are required in the burnup reaction chains. Sixty-five new isotope cross sections were implemented in the MONTEBURNS code library.
In order to perform an accurate comparison with the CP_2D code, all the fission products are considered as being "important" (in MONTEBURNS input), and they are the same as those considered in WIMSD5B evaluations. The results obtained show the same behavior of the k-infinity values with the burnup points and void fractions. The differences, which are increasing with burnup, are mainly due to the pseudo-fission products (35 fission products are represented explicitly and the remainder are combined in a single pseudo-product in WIMS) that has no equivalence in Monte Carlo code libraries (Fig. 2) . By removing the pseudo-fission product library from CP_2D runs and the corresponding average fission-product library from MCNP runs, very good agreement of the results was observed.
MONTEBURNS
simulations were also performed using the option to lump all fission products as a sum; one of the two average fission product cross sections of the MCNP code was associated to the sum. The tests performed for various burnup points show abnormal behavior of the k-infinity values (they dramatically decrease up to a value of 0.2). As mentioned by the authors of the code, this option is not fully tested, and it seems that it is inaccurate for this type of application.
During burnup computations using the MONTEBURNS code, tests were also performed in order to set up the appropriate value for the "fractional importance" of the fission products (the lower limit for the importance of one isotope relative to the rest of the system). All the isotopes considered as being "important" are included in all transfers from ORIGEN to MCNP and back throughout the remainder of the run. Evaluations performed using the values of 0.01, 0.001, and 1.0e-7 show that the absolute void reactivity increases with the burnup when the importance is decreasing.
Simulations were also made in order to analyze the use of the neutron cross sections for the natural elements instead of those for their isotopic compositions. The results obtained show that a variation of the void reactivity value up to 4.0 mk could occur (for a burnup value of 13000 MWd/TU of a CANDU-SEU43 fuel bundle).
In the present work, a comparison of the results carried out by the two versions of the MONTEBURNS code (1.0 and 2.0) is also performed; some differences (up to 4 mk) in the absolute void reactivity values are observed, and they are probably due to the correction of including the capture cross section as metastable as well as the ground state, when applicable for some isotopes.
Analysis of CANDU Standard Fuel Bundle (Lattice Cell Benchmark Problem)
A similar analysis of the k-infinity and the void reactivity results obtained using various codes and libraries is performed for a 37-fuel-pins bundle. For this type of fuel, a homogenized model of the coolant is considered (which means decreasing values of the coolant density during an LOC accident). The void reactivity values (for fresh fuel) computed using CP_2D code, plus the WIMSD5B library and MCNP5 plus ENDF/B VI library, show the same behavior with the coolant densities; the same increased values have been observed for MCNP simulations.
For burnup computations, the same extended library (including the 65 new isotopes) of the MONTEBURNS code is used. The results obtained are compared with those carried out by the WIMSD5B code (and Halsall library), which was run using two options: PERSEUS and DSN. The comparison is presented in Fig. 3 . As in previous computations, the results obtained using Monte Carlo codes show slightly increased values. 
The Problem of the Neutron Cross Sections for the Cobalt Isotopes
During the work related to the replacement of the original stainless steel adjuster rods with cobalt assemblies in CANDU reactor, the major problem encountered is the nonexistence of neutron cross sections for the cobalt isotopes from the MONTEBURNS code library. As a result, ORIGEN2.1 [4] and its appropriate cross-section library, CANDUNAU, were preliminarily used in order to evaluate the burnup of cobalt during the irradiation period. Additional MCNP5 runs for all the cobalt assemblies have been done in order to compute the flux-spectrum, the 59 Co, and the 60 Co radiative capture reaction rates in the adjusters. A detailed energy grid of 30 points in the range 0.0 eV -20 MeV was used in simulation in order to obtain an accurate description of the flux in the thermal, epithermal, and fast ranges. In succession, the ORIGEN2.1 runs were performed using the IRF option (which means irradiation for a single interval with the neutron flux specified). The flux values in each Co adjuster and for each irradiation step were supplied based on prior MONTEBURNS code runs. The 60m Co cross section was estimated using the flux-spectrum and the ORIGEN2.1 code capabilities THERM and RES. These computational steps allowed the evaluation of the one-group cross section for the radiative capture reactions of cobalt isotopes. The values obtained replaced the corresponding ones from the ORIGEN library, which are highly reactorand fuel-type specific, being calculated using the neutron energy spectrum in the fuel as a weighting factor. As a result, all the computational steps described previously are needed in order to accommodate the ORIGEN2.1 code for burnup evaluations when the flux-spectrum is different from that in the fuel region.
The accuracy of the new cross section values used in the ORIGEN2.1 code was confirmed by the agreement of the results obtained by MONTEBURNS code runs (which means the onegroup cross sections for radiative capture and the mass of 59 Co isotope) with the evaluations performed using the flux-spectrum computed by MCNP5 in the Co adjuster assemblies and the cross sections for cobalt isotopes provided by NNDC (National Nuclear Data Center, Brookhaven National Laboratory). This agreement leads to the conclusion that the activity values of the cobalt isotopes obtained using the ORIGEN2.1 as stand-alone code are reliable.
Conclusions
The analysis of the results underlines the necessity to create a standardized neutron crosssection library involving more fission products that are required in the burnup chains and that are missing from Monte Carlo code libraries. They are of interest in the Monte Carlo codes for: activity and dose evaluations of the structural materials and of the experimental devices irradiated in the reactor core; for nuclear power plant decommissioning; and for neutronics, shielding design, and dose evaluations related to the production of the Co 60 sources in CANDU reactors.
